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Abrupt changes in the southern extent of
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and Axel Timmermann5
The glacial climate system transitioned rapidly between cold
(stadial) and warm (interstadial) conditions in the Northern
Hemisphere1. This variability, referred to as Dansgaard–
Oeschger variability2, is widely believed to arise from pertur-
bations of the Atlantic Meridional Overturning Circulation3–5.
Evidence for such changes during the longer Heinrich stadials
has been identified, but direct evidence for overturning circu-
lation changes during Dansgaard–Oeschger events has proven
elusive6. Here we reconstruct bottomwater [CO32−] variability
from B/Ca ratios of benthic foraminifera and indicators of
sedimentary dissolution, and use these reconstructions to
infer the flow of northern-sourced deep water to the deep
central sub-Antarctic Atlantic Ocean. We find that nearly
every Dansgaard–Oeschger interstadial is accompanied by a
rapid incursion of North Atlantic Deep Water into the deep
South Atlantic. Based on these results and transient climate
model simulations7, we conclude that North Atlantic stadial–
interstadial climate variability was associated with significant
Atlantic overturning circulation changes that were rapidly
transmitted across the Atlantic. However, by demonstrating
the persistent role of Atlantic overturning circulation changes
in past abrupt climate variability, our reconstructions of
carbonate chemistry further indicate that the carbon cycle
response to abrupt climate change was not a simple function
of North Atlantic overturning.
The presence of Dansgaard–Oeschger (D–O) variability in
glacial climate archives1 extending from Greenland ice cores2,8 to
North Atlantic sediment cores9, tropical hydroclimate records10
and Antarctic ice cores4 bears witness to a global organizing
element of abrupt climate change. These millennial-scale climate
anomalies exhibit a distinct north–south dipole expression, as
documented by the tight yet ‘asynchronous’ coupling of Antarctic
climate variability with Northern Hemisphere climate across
D–O cycles4. The widely accepted explanation of the observed
millennial-scale climate oscillations in both hemispheres is that
they represent freshwater-induced perturbations of the Atlantic
Meridional Overturning Circulation (AMOC) and the associated
cross-equatorial meridional heat transport5. Despite the strong
support from conceptual11 and numerical model simulations3,12,13,
unequivocal proxy evidence in support of an oceanic role in inter-
hemispheric D–O climate variability as well as potential underlying
trigger mechanisms is lacking. A key question that remains
unresolved in the observational record is whether significant
AMOC changes contributed to all D–O cycles, exclusively to those
that coincided with Heinrich events, or only a subset of these.
We investigate the character of AMOC changes during D–O
versus Heinrich stadials (HS) by reconstructing changes in the
export of North Atlantic Deep Water (NADW) to the central sub-
Antarctic Atlantic from variations in bottom water [CO32−] in
sediment coreMD07-3076Q (Fig. 1; 44◦ 09.2′ S, 14◦ 13.7′W, 3,770m
water depth). Our proxy data provide a Southern Hemisphere
perspective on two key aspects of D–O climate variations: their
association with large-scale dynamical adjustments of the Atlantic
overturning, and the impact of these on deep Atlantic carbonate
chemistry and carbon cycling (Fig. 1).
Sediment core MD07-3076Q has been accurately dated by 59
radiocarbonmeasurements onmonospecific planktonic foraminifer
samples14 and has been stratigraphically aligned to rate changes
in Antarctic temperature by means of abundance variations of the
planktonic cold-water foraminifer Neogloboquadrina pachyderma
sinistral (s.)15 (see Supplementary Information for more details).
Sedimentation rates during the last glacial period are 15 cmkyr−1
on average, which minimizes any significant impact of bioturbation
on our proxy reconstructions.
The study site is presently bathed in Lower Circumpolar Deep
Water in the transition zone between low-[CO32−] southern-
sourced Antarctic Bottom Water (AABW), and high-[CO32−]
northern-sourced NADW (Fig. 1). The proximity of the core
site to carbonate (that is, calcite) saturation (Ω = [CO32−]in-situ/
[CO32−]saturated=1.09; Supplementary Information) makes it highly
sensitive to lateral shifts of the NADW/AABW boundary and
associated changes inΩ (Fig. 1). It has been shown that the gradient
between [CO32−] of the glacial equivalents of NADW and AABW
increased during the last glacial16, hence increasing the sensitivity
of our core site to changes in the presence of northern- versus
southern-sourced water masses during the last glacial period.
We infer changes in bottom water [CO32−] using B/Ca ratios
of the epibenthic foraminifer Cibicides kullenbergi17 and auxiliary
sedimentary partial dissolution proxies. The dissolution and
chemical destruction of foraminifera, when exposed to corrosive,
low-[CO32−] bottom- and/or pore water, more strongly affects the
thin-walled and fragile shells of planktonic foraminifera than the
robust shells of benthic foraminifera18. We therefore also derive
variations in carbonate saturation at the core site from changes
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Figure 1 | Atlantic Ocean [CO32−]. a, Meridional [CO32−] transect along 20◦W showing the calcite saturationΩ=[CO32−]in-situ/[CO32−]saturated
(contoured) and b, areal section of the bottom water [CO32−], where the thin black line tracks the 4,000m-isobath (see Supplementary Information for
details). Grey and white arrows show the flow path of northern-sourced (NADW, North Atlantic DeepWater) and southern-sourced (AAIW, Antarctic
Intermediate Water; AABW, Antarctic BottomWater) water masses, respectively. Circles show sediment cores documenting millennial-scale climate
variations in the surface ocean (white), the surface and deep ocean (grey), and the deep ocean only (dark grey; Supplementary Table 1). The stars mark the
location of the study core.
in the degree of foraminifer shell fragmentation, the ratio of
benthic to planktonic (Be/Pl) foraminifera and the abundance of
planktonic foraminifera in MD07-3076Q sediments (Fig. 2). To
remove potential biases of the individual proxies and to increase the
signal-to-noise ratio of reconstructed carbonate saturation changes,
we construct a composite sub-Antarctic ‘saturation index’ by
normalizing and subsequently averaging all sedimentary dissolution
indicators (Fig. 2 and Supplementary Information).
Carbonate saturation and sedimentary partial dissolution prox-
ies consistently indicate rapid millennial-scale changes of the
bottom water corrosiveness at the core site that show a re-
markable co-variation with climate fluctuations recorded in the
North Atlantic and over Greenland (Fig. 2a–f). Carbonate preser-
vation was enhanced during D–O interstadials, whereas strong
dissolution events coincided with D–O and Heinrich stadials dur-
ing the past 70 kyr (Fig. 2a–f). Epibenthic B/Ca-based [CO32−]
varied by ∼30 µmol kg−1, ranging from absolute values commonly
observed in the modern deep Southern Ocean during stadials
(∼80 µmol kg−1) to values observed in the modern deep North At-
lantic during interstadials (∼110 µmol kg−1; Fig. 2c). Reconstructed
[CO32−] fell slightly below levels that are observed in the modern
deep Southern Ocean between 33 and 20 kyr before present (BP),
which includes the Last Glacial Maximum (LGM) period (Fig. 2c).
Although absolute age model uncertainties of∼1,600± 500 years15
(Supplementary Information) preclude an unequivocal validation,
the observed close resemblance of deep sub-Antarctic carbonate
saturation changes and Northern Hemisphere D–O climate signals
(Fig. 2) as well as the high temporal correlation between them (up to
R2=0.5, statistically significant above the 95% level; Supplementary
Information) suggest a tight coupling ofNorthAtlanticD–O climate
variability and deep sub-Antarctic Atlantic [CO32−] throughout the
last glacial period.
The strongest millennial-scale carbonate undersaturation events
during the last glacial period coincide with HS4, HS5, HS5a and
HS6, consistent with observations in the Cape Basin19 (Fig. 2h–j),
and suggest the incursion of very corrosive ‘pure’ southern-sourced
waters and the rapid retreat of high-[CO32−] NADW from the
core site19–21. Although long-term interglacial–glacial changes in
the ocean carbonate system might have driven deep, sub-Antarctic
Atlantic [CO32−] to their minimum levels during the LGM (ref. 22),
it seems clear that millennial-scale carbonate saturation changes
during the last glacial period were instead primarily linked with
abrupt lateral shifts of (geochemical) water mass boundaries in the
deep sub-AntarcticAtlantic duringNorthAtlanticHeinrich stadials.
However, whereas previous studies failed to identify a significant
response in Southern Ocean deep water properties/tracers during
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Figure 2 | High-resolution Greenland and Atlantic climate records. a, NGRIP ice core δ18O (ref. 8). b, Carbonate ’saturation index’ inferred from planktonic
foraminifer shell fragmentation (purple, d), planktonic foraminifer abundances (blue, e) and the benthic:planktonic foraminifer ratio (magenta, f) in
MD07-3076Q. c, C. kullenbergi B/Ca-based [CO32−] estimates (envelope: 2σ -uncertainties). g, Epibenthic δ13C in Iberian Margin cores MD99-2334 and
MD01-2444 (ref. 9). h, Foraminifer shell abundances in Cape Basin core TNO57-21 (ref. 19). i, Epibenthic δ13C in Cape Basin core RC11-83 (ref. 20). j,
Water mass source indicator εNd in RC11-83 and TNO57-21 (ref. 21). Lines, 300-year running averages. Bars, Dansgaard–Oeschger events (D–O; orange)2,
Heinrich stadials (HS; grey)23.
D–O cycles or during minor Heinrich stadials19–21 that are generally
associated with a weaker freshwater forcing in the North Atlantic23,
such as HS2 and HS3 (Fig. 2h–j), we find clear evidence for
enhanced carbonate dissolution in the deep sub-Antarctic during
all Heinrich stadials, including HS2 and HS3, as well as during
nearly all non-Heinrich D–O stadials (Fig. 2a–f). The suppressed
expression of D–O 6, D–O 13 and D–O 16 may be explained by
chronostratigraphic uncertainties and/or a decreased sensitivity of
carbonate dissolution to particularly short events (Supplementary
Information). The findings suggest that all North Atlantic stadials
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Figure 3 | Model–proxy data comparison. a, Top to bottom: North Atlantic freshwater forcing in LOVELCIM (ref. 7), proxy-based (grey) and simulated
(black) Greenland air temperature anomalies (1T; ref. 7), simulated maximum Atlantic Meridional Overturning (AMOC) streamfunction7, simulated
meridional current velocities (negative: southward) at the study site, modelled [CO32−] anomalies at the study site, reconstructed1[CO32−] (grey;
1[CO32−]= [CO32−]in-situ−[CO32−]saturated; envelope: 2σ -uncertainties) and carbonate saturation variations (red) in MD07-3076Q. Bars and
annotations as in Fig. 2. b, Simulated mean interstadial (left) and stadial (right) bottom water [CO32−] anomalies (shaded) and current velocities (vectors)
in the deep Atlantic (>2 km) (see Supplementary Information for details on the calculation). The stars mark the location of MD07-3076Q.
were associated with a reduction in the contribution of NADW
in the sub-Antarctic Atlantic, consistent with similarly paced,
albeit less clearly expressed, changes in deep water properties in
the North Atlantic9 (Fig. 2g). Although our proxy data cannot
fully unravel the exact underlying mechanisms, for example,
changes in the formation rate of NADW and/or AABW, Atlantic–
Pacific exchange and/or [CO32−] endmember changes, they support
previous interpretations4 by providing evidence for rapid and
recurring changes in deep water mass structure in the sub-Antarctic
Atlantic, and therefore for perturbations of the AMOC in parallel
with Northern Hemisphere D–O cycles.
To gain a better understanding of the South Atlantic’s carbonate
ion response to Northern Hemisphere D–O variability, we analyse
theAtlantic [CO32−] variations simulated by the Earth systemmodel
LOVECLIM, which includes estimates of the freshwater, orbital,
greenhouse and ice-sheet forcing history for the period 50-30 kyr BP
(ref. 7; Supplementary Information). The simulation is in close
agreement with marine and terrestrial palaeoclimate records from
both hemispheres7. Periods of strong (weak) freshwater forcing over
the North Atlantic correspond to a weaker (stronger) simulated
AMOC and a respective change in meridional heat transport, cold
(warm) North Atlantic conditions, and lower (higher) values of
[CO32−] at the sub-Antarctic core site, which is in excellent agree-
ment with the proxy data (Fig. 3 and Supplementary Information).
Simulated stadial–interstadial [CO32−] anomalies of∼30 µmol kg−1
at the core location correspond to changes in themodel’s AMOC in-
dexwithin 170± 20 years (Fig. 3a and Supplementary Information).
The abrupt and closely coupled response of the simulated AMOC
and [CO32−] changes, as well as of the reconstructed carbonate
saturation index and Northern Hemisphere D–O cycles, suggests
an unexpectedly rapid ‘transmission’ of D–O surface climate sig-
nals into the deep sub-Antarctic Atlantic within a few centuries
(Supplementary Information).
The rapid transmission of D–O climate anomalies in the model
(and arguably in the proxy data)may be explained by two simultane-
ously operating mechanisms24,25: North Atlantic climate anomalies
are linked with surface ocean density anomalies that are propagated
through the global ocean via sub-surface ocean (that is, Kelvin-
and Rossby) waves24. This causes a fast whole-ocean adjustment
of pressure gradients (that is, three-dimensional shifts of density
surfaces) within decades to centuries24, and triggers anomalous
meridional currents in the SouthAtlantic (Fig. 3 and Supplementary
Information) that act on the steep mean South Atlantic meridional
[CO32−] gradient. For stadial–interstadial transitions, for instance,
this generates a southward shift of the sub-Antarctic [CO32−] front
due to the southward transport of high-[CO32−] water masses in the
sub-Antarctic Atlantic. In addition, perturbations in the formation
and/or the pathway of NADW generate an advective and diffusive
adjustment of water mass properties in the Atlantic25 that, along
with amplifying effects from other processes such as variations in
the accumulation of respired organic carbon, strongly contribute to
the total adjustment of [CO32−] at the sub-Antarctic Atlantic core
site (Fig. 3 and Supplementary Information). Through these pro-
cesses (rapid buoyancy-inducedwave propagation and tracer advec-
tion anomalies) geochemical properties in the deep South Atlantic
remain tightly coupled to AMOC anomalies originating in the
North Atlantic (within 170± 20 years).
Othermechanisms that might explain the rapid connection from
the North Atlantic to the Southern Ocean include atmospheric
connections26 and subsequent changes to the mean position
and strength of Ekman divergence. However, simulated Southern
Hemisphere westerly wind stress varies by only 10% during AMOC
changes and may therefore play only a minor role for deep sub-
Antarctic Atlantic [CO32−] anomalies compared to the changes
brought about by perturbations of the AMOC (Supplementary
Information). Overall, the Earth system model simulation supports
the notion of an ocean-mediated and fast adjustment of the
carbonate saturation state in the deep sub-Antarctic Atlantic in
response to D–O-related North Atlantic density anomalies.
Although these findings directly document the previously
inferred4 close coupling of AMOC perturbations and D–O climate
anomalies, they also carry implications for carbon cycle feedbacks
associated with abrupt climate changes. Antarctic ice-core records
demonstrate that atmospheric CO2 increased most clearly during
Heinrich stadials27. If the reconstructed reductions in sub-Antarctic
[CO32−] during these stadial periods affected a sufficiently large
ocean volume and reflected amore efficient ‘organic carbonpump’28,
they would imply an increase in the total dissolved inorganic carbon
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inventory of the deep Atlantic and Southern Ocean. In this case, the
observed atmospheric CO2 rise during stadials would have to result
from either: increased ventilation of the Pacific29, enhanced carbon
release from terrestrial sources30, and/or a significant increase in
the extent of equilibration between the low-[CO32−] deep Southern
Ocean and the atmosphere14. The absence of significant changes
in atmospheric CO2 during short North Atlantic stadials27 may
ultimately derive from a careful balance of some or all of these
processes. Regardless of the exactmechanisms at play, which remain
to be determined, the results presented here indicate that any
differences in the carbon cycle response during D–O and Heinrich
stadials27 cannot easily be attributed to a lack of an AMOC response
during these abrupt climate events.
Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Chronology. The chronostratigraphy of sediment core MD07-3076Q is based on
59 monospecific planktonic foraminifer radiocarbon dates that have been
corrected for variable reservoir ages14, as well as the stratigraphic alignment of
down-core abundance variations of the cold-water species N. pachyderma (s.) with
changes in Antarctic temperature15 reflected by the first derivative of the δD record
of the Antarctic EPICA Dome C (EDC) ice core on the AICC2012 age scale (see
Supplementary Information for a detailed description). The N. pachyderma (s.)
abundance- and the radiocarbon-derived age models deviate from each other by
only 500± 400 years—therefore agreeing within age model uncertainties in the
overlapping core section15. Uncertainties of the radiocarbon-based age–depth
markers increase strongly before 27 kyr BP owing to a lack of reservoir age
constraints14 and increasing uncertainties of the atmospheric calibration curves31.
Age–depth markers that result from the radiocarbon- and N. pachyderma (s.)
abundance-based chronostratigraphic models have therefore been spliced at
27 kyr BP, applying the calibrated radiocarbon age constraints for the core section
younger than 27 kyr BP and the N. pachyderma (s.) abundance-based chronology
for the core section older than 27 kyr BP (ref. 15; Supplementary Figs 1 and 2). The
final chronology is based on a linear interpolation between the tie points15.
Chronological uncertainties amount to about 1,200± 400 years for the
period between 27 and 10 kyr BP (ref. 14) and to 1,600± 500 years before
27 kyr BP (ref. 15).
The reported age model of sediment core MD07-3076Q (refs 14,15) is
consistent with an alignment of abundance variations of the planktonic foraminifer
Globigerina bulloides with EDC δD (Supplementary Fig. 1). Abundance variations
of G. bulloides have been proposed to parallel Antarctic temperature variations
owing to various adaptation strategies of this planktonic species to environmental
and climatic changes32. The agreement between the two age model approaches
therefore supports the applied core chronology14,15 (Supplementary Information).
Reconstruction of bottom water carbonate ion concentrations. The variability of
deep water [CO32−] is inferred from B/Ca ratios of the epibenthic foraminifer
C. kullenbergi (>212 µm) by applying a sensitivity of 0.69 µmolmol−1 change in
calcite B/Ca ratios per µmol kg−1 deviation of in situ [CO32−] from saturation levels
(1[CO32−]; ref. 17). Past [CO32−] changes at the study site are calculated as the
deviation of1[CO32−]down−core from pre-industrial saturation [CO32−] at the core
site (87.3 µmol kg−1; ref. 17; for details on the calculation of the applied
pre-industrial [CO32−] parameters with the CO2SYS program33, see Supplementary
Information). Epibenthic foraminifera have been chemically cleaned following the
reductive–oxidative method (Supplementary Information) and weighed 90–430 µg
before cleaning, which is equivalent to 5–20 specimens per measurement.
Contamination levels have been monitored on the basis of foraminiferal Mn/Ca,
Fe/Ca and Al/Ca ratios, which suggest no major impact of contaminant phases on
epibenthic B/Ca ratios (Supplementary Information).
Census counts.Marine sediment samples were disintegrated in deionized water,
washed over a mesh to remove fine-grained clay particles and subsequently dried
in an oven at temperatures<50 ◦C. Sedimentary dissolution parameters have been
determined from census counts of a sample aliquot of the size fraction>150 µm
containing at least 300 planktonic foraminifer grains. The fragmentation is
reported as the percentage of fragmented grains to the number of whole planktonic
foraminifera. Only those fragmented shells have been considered that comprise
approximately half or more of the original shell, circumventing the application of
correction factors for the degree of fragmentation of a single foraminifera34. The
one-sigma uncertainty of determined foraminifer shell fragmentation amounts to
1.9% (n=15). The abundance of planktonic foraminifera has been calculated from
census counts taking into account the number of sample splits and is reported as
the number of foraminifera per gram dry sediment (>150 µm size fraction).
One-sigma uncertainties of determined planktonic abundance and the Be/Pl ratio
variations in the sediment are 6,000 foraminifera per gram sediment>150 µm and
0.014, respectively (n=15).
To construct a composite ‘carbonate saturation index’ of sub-Antarctic bottom
waters, we normalized our smoothed (300-year running average) dissolution proxy
records. The foraminiferal shell fragmentation and Be/Pl ratio records have been
inverted to obtain a consistent notation. The ‘saturation index’ represents the
average of all normalized records.
Data. Data reported in this study are stored in the PANGAEA database
(http://doi.pangaea.de/10.1594/PANGAEA.841244, http://doi.pangaea.de/
10.1594/PANGAEA.837069). Three-dimensional fields of the physical variables of
the transient simulation of Marine Isotope Stage 3 performed with LOVECLIM
(ref. 7) can be found at: http://apdrc.soest.hawaii.edu/las/v6/dataset?catitem=6290.
NGRIP δ18O data8 and EDC δD data35 are available at
http://www.iceandclimate.nbi.ku.dk/data and https://www.ncdc.noaa.gov/
cdo/f?p=519:1:0::::P1_STUDY_ID:6080, respectively. The applied age scale of the
ice-core records can be obtained from the supplementary data of ref. 36
(http://www.clim-past.net/9/1733/2013/cp-9-1733-2013-supplement.zip).
Data from sediment cores TNO57-21 and RC11-83 (refs 19–21,37)
have recently been compiled in the supplementary data of ref. 19
(http://onlinelibrary.wiley.com/doi/10.1002/2014PA002623/full).
Epibenthic δ13C data from Iberian Margin cores9 can be downloaded from
http://doi.pangaea.de/10.1594/PANGAEA.738036 and http://doi.pangaea.de/
10.1594/PANGAEA.849505.
The CO2SYS program is available from http://cdiac.ornl.gov/oceans/
co2rprt.html.
Code availability.We have opted not to make the computer codes associated with
this paper available because they are based on simple FERRET data analysis and
visualization as well as MATLAB commands.
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